Corcoran AE, Richerson GB, Harris MB. Functional link between the hypocretin and serotonin systems in the neural control of breathing and central chemosensitivity. J Neurophysiol 114: 381-389, 2015. First published April 15, 2015 doi:10.1152/jn.00870.2013.-Serotonin (5-HT)-synthesizing neurons of the medullary raphe are putative central chemoreceptors, proposed to be one of potentially multiple brain stem chemosensitive cell types and loci interacting to produce the respiratory chemoreflex. Hypocretin-synthesizing neurons of the lateral hypothalamus are important contributors to arousal state, thermoregulation, and feeding behavior and are also reportedly involved in the hypercapnic ventilatory response. Recently, a functional interaction was found between the hypocretin system and 5-HT neurons of the dorsal raphe. The validity and potential significance of hypocretin modulation of medullary raphe 5-HT neurons, however, is unknown. As such, the purpose of this study was to explore functional interactions between the hypocretin system and 5-HT system of the medullary raphe on baseline respiratory output and central chemosensitivity.
THE BRAIN'S RESPONSIVENESS to pH/CO 2 (central chemosensitivity) has been proposed to be a distributed network function involving multiple chemoreceptive sites in the brain stem . Growing evidence identifies a distinct subset of 5-HT neurons of the medullary raphe as critical for chemosensitivity (Brust et al. 2014; Corcoran et al. 2009 Corcoran et al. , 2013 Richerson 2004) . Much effort has been directed at understanding how multiple chemoreceptive cells and loci interact and modulate each other and/or the respiratory rhythm itself (Dias et al. 2008 (Dias et al. , 2009 Iceman et al. 2014; Li et al. 2006; Mulkey et al. 2007) .
Recently, neurons containing hypocretin neuropeptides (hypocretin-1/orexin A and hypocretin-2/orexin B) were proposed to influence CO 2 sensitivity (Dias et al. 2009; Nakamura et al. 2007 ). The hypocretin system is anatomically linked with central chemosensory and respiratory nuclei (Fung et al. 2001; Hagan et al. 1999; Nakamura et al. 2007; Volgin et al. 2002; Young et al. 2005) . The functional consequences of such interactions and the specific effects on ventilation remain unclear (Corcoran et al. 2010; Nakamura et al. 2007; Young et al. 2005; Zhang et al. 2005) .
To date, most of the physiological evidence linking the hypocretin and 5-HT systems has focused on the dorsal raphe and the regulation of sleep and wakefulness (Brown et al. 2001; Takahashi et al. 2005) . However, because medullary raphe neurons both express hypocretin receptors 1 and 2 (hcrt-r1 and hcrt-r2) and receive hypocretin projections, it is possible that these systems interact with the medullary raphe to promote a ventilatory response to hypercapnia (Marcus et al. 2001; Nambu et al. 1999; Zheng et al. 2005) .
The present study aimed to explore potential interactions between the hypocretin system and 5-HT neurons of the medullary raphe. We tested the hypothesis that 5-HT neurons contribute to the response to acidosis of the hypoglossal motor output of an in vitro rhythmic medullary slice preparation. We compared responses to acidosis in slice preparations derived from WT (containing 5-HT neurons) and Lmx1b f/f/p (lacking central 5-HT neurons) mouse strains. Next, we tested the hypothesis that hypocretins contribute to respiratory motor output and promote the response to acidosis through 5-HT neurons. We identified whether hypoglossal nerve activity changes generated by either hypocretin-1 or a hypocretin receptor antagonist depended on the presence of 5-HT neurons. We also identified the effects of hypocretin receptor antagonism on hypoglossal nerve responses to acidosis and whether or not this was dependent on the presence of 5-HT neurons.
METHODS
All procedures and protocols were approved by the Institutional Animal Care and Use Committee of Yale University, where all of the experiments were conducted.
5-HT neuron-deficient mouse model. Procedures using Cre-Lox site-specific recombination to produce mice lacking 5-HT neurons (Lmx1b f/f/p ) have been described (Zhao et al. 2006 Corcoran et al. 2014 for histology). Genotyping was determined by using tail tissue samples obtained from each mouse and procedures described by Zhao et al. (2006) . In vitro medullary slice preparations. Experiments were performed on brain stem slices prepared from WT and Lmx1b f/f/p littermates (postnatal days 1-5) with the investigator blind to the genotype. Mice were decapitated and the brain stem and spinal cord removed under a flow of chilled artificial cerebrospinal fluid (aCSF) composed of (in mM) 124 NaCl, 25 NaHCO 3 , 3 KCl, 1.5 CaCl 2 , 1.0 MgSO 4 , 0.5 NaH 2 PO 4 , and 30 D-glucose and equilibrated with 95% O 2 and 5% CO 2 (pH ϳ7.4). The brain stem was pinned to a wax block, and transverse slices of the medulla (550 -600 m thick) were prepared using a vibratome (see Smith et al. 1991 for details) . Slices containing the pre-Bötzinger complex, the rostral portion of the medullary raphe, the hypoglossal motor nuclei, and the most rostral hypoglossal nerve rootlets were placed in a recording chamber (0.7 ml) and superfused with aCSF at a rate of 0.7 ml/min via a syringe pump (Harvard Apparatus). The aCSF was warmed to 29°C using a temperature controller (model TC-324B; Warner Instruments). Potassium concentrations were elevated to 9 mM to ensure rhythmic activity in the slice, as per standard procedures (Smith et al. 1991) .
Motor discharge of the hypoglossal rootlets was recorded continuously by glass suction electrodes. Signals were amplified and filtered (ϫ10,000; 0.3-1 kHz) using a Grass LP511 AC amplifier, a Dagan differential amplifier (EX4-400), and a Quest 60-Hz noise eliminator (HumBug; Quest Scientific). Data were digitized at 100 Hz and analyzed off-line using MATLAB software (The MathWorks). Analysis of hypoglossal root discharge included an initial integration, full-wave rectification, and moving average over 50-ms periods.
Pharmacological agents. All pharmacological agents were obtained from Tocris, stored in stock solution at Ϫ20°C, and thawed the day of an experiment. The following agents were added to the aCSF to produce the following final concentrations: hypocretin-1 (orexin A; 300 nM) and SB-408124 (3 M). The hypocretin receptor antagonist (SB-408124) was dissolved in DMSO before being added to the aCSF, with the final concentration Ͻ0.005% DMSO. After 30 min of baseline recording, the superfusate was switched to one containing either hypocretin-1 or SB-408124 and was applied continuously to the slice for 10 min. To administer an acidotic challenge, the superfusate (pH 7.4) was switched to pH 6.9 for 10 min. Low pH was achieved before experiments by adding HCl to the gas-equilibrated aCSF (95% O 2 and 5% CO 2 ) and continuously monitoring changes in pH with a pH electrode until the value was stable at 6.9.
Data analysis. Integrated hypoglossal nerve discharge was analyzed to determine burst frequency, peak burst amplitude, burst duration, duration of the period between bursts (interburst interval), and the coefficient of variation of the interburst interval (CV IBI; calculated as the standard deviation divided by the mean, an indication of timing variability; Hodges et al. 2009 ). Values were averaged from the last 2 min of baseline immediately preceding treatment and the last 2 min of treatment (either pH change or pharmacological agent) in an effort to determine the effect of treatment relative to baseline and to establish a "steady-state" response. All data are presented as means Ϯ SE or expressed as a proportion of the baseline value. Statistical significance was evaluated using one-way or two-way ANOVA with repeated measures, followed by Dunn's or Bonferroni's post hoc analyses for multiple comparisons, where appropriate, to compare effects of pH, genotype, or drug, as well as their interactions. Additionally, differences between genotype group means of baseline burst parameters were compared using a Student's t-test or nonparametric Mann-Whitney rank sum test. The criterion level for determination of statistical significance was set at P Ͻ 0.05 for all data analyses.
RESULTS
Genotype-dependent differences in hypoglossal burst parameters. Under baseline conditions, hypoglossal burst patterns differed between WT and Lmx1b f/f/p preparations (Table 1 , Fig.  1A ). These data were combined from baseline periods of all experimental series (n ϭ 21 WT and 19 Lmx1b f/f/p ) and were consistent with our previous data sets .
pH differentially affects hypoglossal burst parameters in WT and Lmx1b f/f/p preparations. Following baseline observations at pH 7.4, preparations were exposed for 10 min to acidic aCSF (pH 6.9; Fig. 1 ). In WT slices, acidosis increased hypoglossal burst frequency (57 Ϯ 15% increase from baseline; n ϭ 12; Fig. 1B ) and burst duration (18 Ϯ 5% increase from baseline) and reduced the CV IBI (22 Ϯ 8% from baseline). Burst amplitude was unchanged by acidosis.
Responses to acidosis in Lmx1b f/f/p preparations differed from those of WT preparations. Most notably, acidosis did not increase burst frequency in Lmx1b f/f/p preparations; however, this treatment did greatly increase burst regularity in Lmx1b f/f/p preparations: the CV IBI was reduced (50 Ϯ 6% from baseline; n ϭ 13) to a greater degree than that occurring in WT preparations (Fig. 1B) . As with WT preparations, acidosis increased burst duration in Lmx1b f/f/p preparations (25 Ϯ 5% increase from baseline) and did not alter burst amplitude.
In both WT and Lmx1b f/f/p preparations, effects of pH changes were reversible and burst parameters returned to baseline values within 10 -15 min of reperfusion with normal aCSF (Fig. 1C) .
Exogenous hypocretin affects hypoglossal burst parameters. The most consistent observation in response to exogenous hypocretin-1 (300 nM), in both WT and Lmx1b f/f/p genotypes, was an increase in tonic activity in the hypoglossal nerve (Fig. 2, A and B) . Exogenous hypocretin-1 had little effect on baseline burst parameters (Fig. 2C) . The only significant effect in WT preparations (n ϭ 7) was a decrease in hypoglossal burst frequency (by 33 Ϯ 11% from baseline). This response did not occur in Lmx1b f/f/p preparations (n ϭ 8; Fig. 2C ). Exogenous hypocretin-1 did increase regularity of the hypoglossal burst pattern (illustrated by a 30 Ϯ 9% reduction of the CV IBI from baseline) in Lmx1b f/f/p preparations. Effects of hypocretin-1 were reversible with washout, and burst parameters returned to baseline values within 10 -15 min. Blockade of endogenous hypocretin affects hypoglossal burst parameters. We examined the influence of endogenous hypocretin receptor activation by determining the effect of an hcrt-r1 antagonist (SB-408124) on hypoglossal nerve output (Fig. 3) . In both WT and Lmx1b f/f/p preparations, SB-408124 decreased hypoglossal burst frequency. This effect was more pronounced in WT preparations (62 Ϯ 7% reduction from baseline) compared with a more modest reduction (by 39 Ϯ 6% from baseline) in Lmx1b f/f/p preparations (n ϭ 6 for each genotype). The treatment did not alter burst amplitude, although burst duration was increased in preparations from both genotypes (68 Ϯ 22% above baseline in WT, 41 Ϯ 14% above baseline in Lmx1b f/f/p ). In addition, SB-408124 did not significantly alter the regularity of the hypoglossal burst patter.
Effect of hypocretin receptor antagonists on the response to acidosis. We examined the influence of endogenous hypocretins on pH sensitivity by exposing slices to solutions with pH 7.4 and 6.9 both without and with the hypocretin receptor antagonist. . A: raw and integrated traces from both genotypes at normal pH (7.4) and during acidosis (pH 6.9). Lmx1b f/f/p bursting is more irregular and slower compared with WT during control conditions. B: steady-state values (relative to baseline) of burst frequency, amplitude, duration, and coefficient of variation of the interburst interval (CV IBI) in response to acidosis. Data are means Ϯ SE expressed as a percentage of control values. Acidosis increased burst frequency in WT preparations only. C: time course of burst frequency (means Ϯ SE) in both genotypes during control conditions (pH 7.4), acidosis (pH 6.9), and washout (i.e., return to normal aCSF). *P Ͻ 0.05 indicates a statistically significant difference from baseline levels; †P Ͻ 0.05 indicates a statistically significant difference between genotypes (n ϭ 12 WT and 13 Lmx1b f/f/p ); determined by 2-way (B) or 1-way (C) repeatedmeasures (RM) ANOVA. f/f/p preparations. D: time course of burst frequency in both genotypes during control conditions, application of hypocretin, and washout. *P Ͻ 0.05 indicates a statistically significant difference from baseline levels (i.e., no hypocretin; n ϭ 7 WT and 8 Lmx1b f/f/p ; 2-way RM ANOVA).
1.8 bursts/min in the presence of SB-408124; n ϭ 6). Switching to pH 6.9 restored the frequency, dampened by the antagonist to a level equivalent to baseline control values. In Lmx1b f/f/p preparations, no significant frequency response to a change in pH from 7.4 to 6.9 was observed in the presence of the hypocretin antagonist. This paralleled the responses in the absence of antagonists (n ϭ 6). The hypocretin antagonist blocked the change in burst duration otherwise observed with acidosis in WT preparations (Fig. 4C) . In contrast, burst duration increased with a switch to pH 6.9 (Fig. 4C ) in both the presence and absence of the hypocretin receptor antagonist in Lmx1b f/f/p preparations. Similar to responses to acidosis alone, burst amplitude did not change in response to acidosis in either genotype while hcrt-r1 was blocked.
DISCUSSION

Lmx1b
f/f/p preparations do not respond to acidosis. One of the major findings of the current study was that, unlike the response normally exhibited in WT preparations, Lmx1b f/f/p preparations failed to increase hypoglossal burst frequency in response to acidosis. The Lmx1b f/f/p mouse, a conditional knockout, is a useful model for studying the role of 5-HT neurons in ventilatory control, including the contribution of 5-HT neurons to central chemosensitivity. Recent work has shown that breathing is relatively stable in adult Lmx1b f/f/p mice; however, the hypercapnic ventilatory response is decreased by ϳ50% compared with WT mice (Hodges et al. 2008 ). In contrast, neonates display severely disordered breath- ing, which can be restored with addition of agonists for 5-HT 2A in slices and in vivo and for neurokinin-1 (NK-1) receptors in slices Hodges et al. 2009 ). Chemosensitivity has not yet been described in Lmx1b f/f/p mice at young ages. Our data demonstrated that whereas WT rhythmic medullary slices produced a very robust response to a pH challenge (from 7.4 to 6.9), the frequency of hypoglossal bursts in Lmx1b f/f/p preparations was not altered by the same stimulus. Because WT and Lmx1b f/f/p mice differ by an almost complete absence of 5-HT neurons in the knockout, our data illustrate that 5-HT neurons are necessary for hypoglossal chemoresponsiveness in the slice and provide further evidence that 5-HT neurons are critical in the ventilatory response to hypercapnia.
On return to baseline conditions, there was an apparent undershoot of burst frequency statistically different from baseline at one time point in Lmx1b f/f/p slices. Because both genotypes exhibited this phenomenon, it is likely independent of 5-HT neurons. One possibility is that it is due to previously characterized GABAergic mechanisms (Corcoran et al. 2008 , Iceman et al. 2014 Richerson 1995; Wang et al. 1998 Wang et al. , 2002 , although this was not examined directly. In addition, acidosis significantly decreased variability in the rate of hypoglossal bursts as determined by a decrease in the CV IBI. Barrett et al. (2012) and Fiamma et al. (2007) both reported a reduction in breathing variability in response to hypercapnia, which is in agreement with our current reported findings.
Hypocretin-1 effects on baseline bursting. Exogenous hypocretin-1 increased tonic hypoglossal nerve activity in both WT and Lmx1b f/f/p preparations. Although our conclusions in regards to tonic activity are based on qualitative assessment alone, the observation is consistent with findings recently reported by Sugita et al. (2014) . In that study, tonic discharge from a C4 recording obtained in a brain stem-spinal cord preparation was induced by the application of hypocretin-2. It was established that this tonic activity originated in the spinal cord, because it was not evident in recordings of respiratory neurons or in C4 recordings when exposure to hypocretin-2 was restricted to the medulla. G protein-coupled hypocretin receptors have been localized to a number of motor neuron pools (Fung et al. 2001; Young et al. 2005) , including the hypoglossal motor nucleus, and our result may be due to general motor neuron activation.
Beyond the general tonic activation observed, the influence of exogenous hypocretin-1 was limited to its effect on hypoglossal burst frequency in WT preparations, which it significantly reduced. The physiological relevance of this effect is unclear. Previous observations suggest that exogenous hypocretin does not consistently alter phrenic burst discharge in the juvenile arterially perfused rat preparation or the hypoglossal nerve output in a rhythmic rat medullary slice (Corcoran et al. 2010) .
Exogenous hypocretin-1 enhanced the regularity of the hypoglossal burst pattern in Lmx1b f/f/p preparations. Because this tendency was only observed in the Lmx1b f/f/p slices, preparations that lacked central 5-HT neurons and were more irregular at baseline compared with WT, it suggests that 5-HT is necessary for stability of the respiratory-related rhythm (also supported by evidence from Hodges et al. 2009; Pena and Ramirez 2002; Richter et al. 2003) . In addition, this instability in Lmx1b f/f/p slice preparations can be rescued by exogenous hypocretin, demonstrating that 5-HT neuron contribution to the stability of the respiratory rhythm can be bypassed by a hypocretin mechanism, similar to that of substance P and elevated potassium .
Hypocretin antagonism has a greater effect on hypoglossal activity in WT slices. Addition of the hypocretin receptor antagonist to aCSF changed hypoglossal burst output in both WT and Lmx1b f/f/p preparations. We would expect this antagonist to have an influence only if hypocretin receptor activation is present; thus one interpretation is that endogenous hypocretin may still be present in the slices.
Hypocretin neuropeptides are synthesized exclusively in the lateral hypothalamus (Sakurai et al. 1998) , an area that is absent in the in vitro rhythmic medullary slice preparation. However, these hypothalamic neurons project widely throughout the brain stem (Peyron et al. 1998) , and it is feasible that a quantity of endogenous hypocretin is stored at synaptic terminals. We speculate that the elevated potassium concentrations used in the perfusate may induce spontaneous synaptic release of hypocretin despite the isolation of hypocretin nerve terminals, present in the slice, from their hypothalamic cell bodies. An alternative explanation, however, is that the antagonist may have a previously uncharacterized nonspecific influence on receptors other than those for hypocretin, that hypocretin receptors have a form of constitutive activation in the absence of endogenous ligand, or that the antagonist exerts partial antagonism of hypocretin receptors. The perplexing observation that the antagonist evokes the same response as the endogenous ligand suggests that the antagonist drug has partial agonist effects that we are unable to identify.
The effects of hypocretin antagonists were more profound in WT than Lmx1b f/f/p preparations, suggesting that influences on the respiratory rhythm by hypocretin were mediated, in part, through activation of 5-HT neurons. Low-density expression of hcrt-r1 occurs in the raphe magnus and raphe obscurus (Marcus et al. 2001) . Also, hypocretin axon terminals are found in the raphe magnus and pallidus (Nambu et al. 1999) . A much denser innervation of hypocretin-1 fibers is observed in the raphe pallidus (Zheng et al. 2005) . If the effects of hypocretin antagonists are dependent on hypocretin receptors expressed on raphe 5-HT neurons, then the lack of such neurons in Lmx1b f/f/p slices would explain the limited impact of hypocretin in this genotype.
Hypocretin affects the pH response. We also sought to determine whether hypocretins modulate the ventilatory response to acidosis, and if so, whether this is through excitation of 5-HT neurons. To do this we compared hypoglossal burst responses to low pH in rhythmic medullary slices derived from WT and Lmx1b f/f/p mice before and during exposure to a hcrt-r1 antagonist. Whereas baseline (pH 7.4) frequency was markedly lower in preparations where hcrt-r1 were blocked, burst frequency increased in response to pH 6.9 in a similar fashion to the control slices (which lacked the hypocretin receptor antagonists). This suggests that hypocretin did not enhance or promote the response to acidosis. Such a result is in contrast to our data from arterially perfused in situ rats, where systemic administration of SB-408124 inhibited the ventilatory hypercapnic response (Corcoran et al. 2010) , and to other reports that hypocretins modulate chemosensitivity (Deng et al. 2007; Dias et al. 2009; Nakamura et al. 2007) . Elements responsible for the observation that hypocretin receptor antagonist-mediated attenuation of chemosensitivity likely occur outside regions contained within the rhythmic slice and/or may not be active during the neonatal period used for these preparations.
Because acidosis did not induce a change in hypoglossal burst frequency in Lmx1b f/f/p preparations, the lack of response in the presence of hypocretin receptor antagonists is not unexpected and does not give us any information as to the importance of hypocretin in such a response.
The only evidence alluding to a hypocretin facilitation of the hypercapnic response due to an interaction with the 5-HT system is based on changes in hypoglossal burst duration. In WT preparations, bursts were significantly longer during exposure to pH 6.9 than during exposure to pH 7.4. Blockade of hypocretin receptors eliminated this response. In Lmx1b f/f/p preparations, a similar lengthening in hypoglossal bursts was observed at pH 6.9 compared with pH 7.4; however, hypocretin receptor antagonism did not inhibit this response as it did in WT. How and whether this increase in duration is mediated by 5-HT neurons remains unknown.
Mechanisms of chemotransduction. Our results implicate 5-HT neurons, modulated by hypocretin/orexin A, in processes contributing to pH/CO 2 chemosensitivity. Recently, a specific subset of 5-HT neurons was identified as intrinsically sensitive to changes in pH/CO 2 , both in vitro and in the intact nervous system (Burst et al. 2014; . It is likely that these are one of a number of cell types, in various nuclei, that directly influence chemosensory-related neural networks. These experiments do not identify specific mechanisms of sensory transduction, yet a mechanistic understanding is critical. Although transduction mechanisms remain undefined, a number of potential mechanisms may be excluded from con-sideration as contributors to the current results. For example, although pH/CO 2 sensitivity in the regions such as the retrotrapezoid nucleus is contributed to by astrocytes (Moreira et al. 2015) , glia are believed to play no role in raphe 5-HT neuron chemosensory transduction (Sobrinho et al. 2014; Wu et al. 2013) . Similarly, despite the implication of acid-sensitive TASK channels in this process (Bayliss et al. 2015; Putnam et al. 2004 ), chemosensitivity of raphe 5-HT neurons does not appear to be dependent on TASK channels (Massey et al. 2015; Wu et al. 2008 ). Our observations suggest that input from hypocretin synthesizing neurons somehow modulates chemotransduction on 5-HT-synthesizing neurons. The role of these cells may be complex, resulting from the direct influences of hypocretin (Marcus et al. 2001; Volgin et al. 2002; Young et al. 2005) or the activity-dependent release or corelease of other transmitters such as glutamate from hypocretin neurons (Schone et al. 2012 (Schone et al. , 2014 . Although the projections from the lateral hypothalamus appear to influence CO 2 sensitivity in a number of nuclei (Deng et al. 2007; Dias et al. 2009; Nakamura et al. 2007 ) and may themselves be chemosensitive (Williams et al. 2007) , their absence from our experimental preparation precludes chemotransduction at these cells from contributing to the present results.
Conclusions. In summary, we have shown that 5-HT neurons are required for the hypoglossal nerve frequency response to severe acidosis in the in vitro rhythmic medullary slice preparations, furthering evidence that 5-HT neurons play an important role in central chemoreception. Exogenous application of hypocretin-1, as well as a hcrt-r1 antagonist, differentially altered respiratory motor output in WT and Lmx1b f/f/p preparations, suggesting that 5-HT neurons contribute to the role of hypocretin in fictive ventilation. Although we do not have evidence that hypocretin contributes to the frequency response to acidosis, this neuropeptide may facilitate the acidosis-induced increase in hypoglossal burst duration via modulation of 5-HT neurons.
